The effect of collisions on the stability of binary asteroids is discussed. The following mechanisms are taken into account: (1) complete disruption of one of the members of the system and (2) increase of linear momentum imparted by non-disruptive collisions. The latter effect is found to progressively increase the orbital energy of the systems up to the limit of binary gravitational instability.
I N T RO D U C T I O N
The existence of binary systems among asteroids is no longer a speculative hypothesis, but a well-known fact, since many systems have been discovered by radar and optical techniques (Merline et al. 2002) . The origin of these systems is thought to be the consequence of both collisional and dynamical processes (Doressoundiram et al. 1997; D'Abramo, Dell'Oro & Paolicchi 1999; Walsh & Richardson 2006 Descamps & Marchis 2008) . Since collisions are thought to be one of the possible actors in this game, it is not surprising that the formation of binary systems has also been put in relation with the formation of asteroid dynamical families (Michel et al. 2001; Zappalà et al. 2002) . Many studies have been devoted to modelling the evolution and stability of asteroid binary systems, focusing on gravitational and tidal effects (Whipple & White 1985; Chauvineau & Mignard 1990; Harris 2002; Scheeres 2002; Descamps 2010; Sharma 2010; Taylor & Margot 2010) The lifetime of an asteroid binary system has been generally estimated to be based not only on its expected dynamical evolution, but also on the expected collisional lifetime of its members. In general terms, the collisional lifetime of a system has always been considered to correspond to the collisional lifetime of the smaller member, since smaller objects tend to be destroyed by collisions over shorter time-scales. On the other hand, however, one should take into account that, during the interval of time between the formation of the system and the disruption of one of the two bodies, both members of any binary system experience a great number of non-disruptive collisions. These lastly correspond to a constant bombardment by a population of small projectiles having kinetic energies below the limit for catastrophic disruption of their targets. Dell 'Oro & Cellino (2007) investigated the effects of low-energy collisions on the orbital motion of Main Belt asteroids, and showed that the resulting orbital evolution is a typical random walk. The efficiency of this mechanism depends on many factors: the physics of destruction, the efficiency of linear momentum transfer during a collision, the intrinsic probability of impact, and, even more important, the size distribution of the projectile population. In the case of asteroid binary systems, low-energy collisions can affect the orbit of the system, and some authors have already noted that, in the case of the binary objects in the Edgeworth-Kuiper Belt, they may possibly be able to produce system instability (Petit & Mousis 2004; Nesvorny et al. 2011) .
In this paper, we show the results of new numerical simulations based on a statistical approach and a simple physical and dynamical model developed to investigate specifically whether and to what extent non-catastrophic collisions may affect the lifetimes of asteroid binary systems in the Main Belt, and under which conditions.
T H E C O L L I S I O NA L / DY NA M I C A L M O D E L

Two-body systems
Let us consider a system of two bodies 1 and 2 having masses m 1 and m 2 , respectively. For the sake of simplicity we will assume the two bodies to have spherical shapes with radii R 1 and R 2 . We also assume that the two bodies form an isolated, gravitationally bound system, and the orbits of the two components are Keplerian. The system is supposed to be in orbit around the Sun, and, as a first approximation, we will not consider the effects of gravitational perturbations due to other planetary bodies, nor possible non-gravitational forces acting on the binary system, apart from the collisional mechanisms investigated in this work. Let r 1 and r 2 be the positions of the two bodies with respect to an inertial reference system, and v 1 and v 2 their velocities measured in the same frame. The total mechanical energy per unit of mass of the binary system in the relative reference frame, namely the reference system in which body 1 is at rest, is
where G is the gravitational constant and
that is, the relative position and velocity of body 2 with respect to body 1. We will also assume that body 1 is the largest one, namely the primary component of the system. The energy of the binary system can be written in terms of the mean orbital velocity v m :
with v m = 2πa/T , where a is the semimajor axis of the orbit of body 2 around body 1 and T the orbital period. The third Kepler's law states that
which can be rewritten as
where ρ is the density of the members that we suppose to be identical. In terms of the mean orbital velocity we have that
Now, let us make use of the following 'structural' parameters of the system:
(i) the size ratio δ between the companion and the primary member:
(ii) the ratio γ between the dimension of the orbit and the size of the primary member:
So finally, we can rewrite Kepler's law in the form
Collisional environment
Let us suppose now that the binary system has a collisional interaction with a third body hitting one of the two members. Let v p be its velocity with respect to the inertial reference frame and m p its mass. We now assume the binary system to be embedded in a 'collisional environment' typical of Main Belt asteroids. It is then convenient to express the velocity of the projectile with respect to the reference frame centred on the barycentre of the binary system. The velocity of the centre of mass with respect to an inertial frame is obviously
the following identities are valid:
The relative velocity U is relevant for the statistical properties of the collisional environment (Main Belt), being governed by the distribution of impact velocities which can be determined by means of standard statistical techniques (Farinella & Davis 1992; Bottke et al. 1994; Dell'Oro & Paolicchi 1997 , 1998 Vedder 1998) . This distribution depends both on the distribution of the orbits of possible impactors and on the orbit of the binary system, or more exactly on the orbit of the barycentre of the system. Any model of the collisional stability of asteroid binary systems necessarily includes many approximations and is intrinsically non-deterministic. For this reason, it is reasonable to use a simple particle-in-a-box approach to describe the collisional environment. This means that the statistical properties of impacts are supposed to be conveniently described by an average value of the impact velocity, namely the average of the modulus of U, and by the intrinsic impact probability P i (Wetherill 1967) . So, if f (D) is the incremental size distribution of the projectiles, the expected number dn 1 of collisions of body 1 during an interval of time dt with projectiles with diameters between D and D + dD is
In the same way, the number of collisions expected for companion 2 is
Collisional destruction
Either member of the binary system will run into a catastrophic collision whenever it is struck by a projectile with a size larger than the critical threshold: D * 1 for body 1 and D * 2 for body 2. The critical threshold depends on the impact velocity. Here, we do not consider the statistical distribution of U, but rather we assume that all collisions occur with an impact velocity equal to the mean value of U. The mean number of destructive collisions per unit of time for body 1 is then
and similarly for body 2:
where N 1 and N 2 are the number of projectiles with diameters larger than D * 1 and D * 2 , respectively. The mean number of destructive collisions per unit of time against the whole binary system is then
The destruction time τ destr is the time expected for catastrophic collisions to destroy one or both members of the binary system. In terms of the mean lifetimes,
and therefore we have that
.
It is interesting to note that when τ 1,destr τ 2,destr , then τ destr = τ 2,destr , whereas if τ 1,destr = τ 2,destr , then τ destr = τ 1,destr /2. So in conclusion
Following the same approach as Dell 'Oro & Cellino (2007) , the critical diameter is derived from the relation
where Q * is the specific impact energy, namely the projectile's kinetic energy per mass unit of the target body, which is needed to shatter the target and disperse its fragments. In the above relation, the subscript i is either 1 or 2, to represent the primary or secondary component of the binary system. We recall that the impact strength S, which is defined as the critical impact energy per unit of volume of the target, is related to Q * through the relation Q * = 2S/ρ.
Impulsive perturbation of the orbit
Let us suppose now that the two bodies, at a particular epoch, suffer an impulsive and instantaneous variation of their velocities, such that the two velocities immediately after the impulse are
It immediately follows that
r not being immediately altered by the impulse, the mechanical energy immediately after the impulse is
We now assume that no mass-loss occurs as a consequence of the low-energy collisions which are supposed to be responsible for the impulsive variation of the velocities. The assumed lack of associated mass-loss can be an oversimplification, but in this preliminary analysis it is acceptable as a zero-order approximation. This assumption is probably conservative for what concerns our estimate of the efficiency of linear momentum transfer, due to two reasons. First, in a non-destructive collision the linear momentum of the ejecta produced during the crater excavation should produce an additional recoil of the target (Ahrens & Harris 1994) . Secondly, the decrease of the target's mass makes the subsequent collisions more efficient in transferring linear momentum. In conclusion, the impulse produces a variation of the mechanical energy δE = E − E of the system equal to
At this point we suppose that the impulsive variations of the velocities are due to a collision with a third body hitting one of the two members of the binary system without destroying it. The relative velocities U 1 and U 2 are the key quantities determining the velocity change. The quantity of linear momentum transferred during a non-destructive collision is a process a long way out to be completely modelled. Following the approach of Dell'Oro & Cellino (2007) we simply put
with, to be conservative,
See Dell'Oro & Cellino (2007) for a discussion about this point. We assume in general that m p m 1 , m 2 . So in this case
Obviously, in a collision involving a binary system, two different cases are possible here: either the projectile hits body 1, and in this case δv = −δv 1 , or it hits body 2 and, correspondingly, δv = δv 2 .
Collisional release
In each collision, the variation of the energy depends on v and δv. The value of v depends on the positions of the bodies along their mutual orbit. The projectile can strike either body in any orbital configuration of the binary system; therefore, any collision with a particular value of v has the same probability to occur as a collision at a value −v. As a consequence, the mean value of δv · v is null, δv and v being uncorrelated quantities. So, the mean value of the variation of the energy δE is
It is worth noting that the dependence on the orbital velocity v disappears. The mean value of the variation of the energy does not depend on v, or in other words, it does not depend on the dynamical state of the system. In particular, it does not depend on the actual energy level (semimajor axis). As a consequence, the cumulative energy variation is found to be a linear function of the time.
On the other hand, the vectorial mean value of v is null too, so the mean values of U 1 and U 2 are equal to the mean value of U:
It is interesting to note that in the case of collisions occurring in the asteroid Main Belt, in general the condition U v is valid, so U 1 U 2 U. But in any case the previous result is valid, even if the orbital velocity v was comparable to or larger than U, provided a complete isotropy of the directions of impact.
Hereafter, in order to simplify the notations, we will omit the brackets around quantities to be averaged, but we will always deal with averaged quantities.
For the moment, we take into account only collisions with body 1. Assuming that all bodies have the same density and using the previous relations we can write
where D is the diameter of the projectile. The condition for which the impact produces a separation of the two members of the system is
In what follows, we will call this process collisional release of one of the two binary components. The threshold D e,1 is the minimum diameter of the external impactor producing the separation of the system in a single impact with body 1. Obviously, a similar threshold D e,2 can be defined with respect to the impacts producing a collisional release of body 2. The frequencies of those events are, respectively,
Similar to the case of destructive collisions, the mean number of collisional releases per unit of time for the whole binary system is
and in terms of mean lifetimes,
Collisions with projectiles larger than the releasing thresholds, and below the destruction thresholds, impart amounts of energy that can be orders of magnitude larger than the amount needed to just separate the system. Nevertheless, as far as the evolution of the binary system is concerned, the effect of these events is the same as the occurrence of one single impact at exactly the releasing threshold, namely definitive binary separation.
Collisions below the collisional release thresholds have a cumulative effect on the orbit of the system. Smaller projectiles impact more frequently, but they impart smaller energy impulses. The evolution of the orbit of the system is therefore a random walk in the space of the total energy towards the frontier defined by E = 0. In the next section, we try and evaluate the overall effect of rare and energetic events together with more frequent and gentler impacts below the collisional release threshold.
Collisional inflation and evaporation
Let us consider now a small interval of time dt, during which the system suffers a number of gentle, low-energy collisions. Let dn 1 be the number of collisions with body 1 during the interval dt with projectiles having diameters between D and D + dD. The mean variation of the energy due to these collisions is
In principle, it would seem that the variation of orbital energy per unit of time due to all collisions with the primary should be obtained by simply integrating dE 1 (D) for all possible values of the size of the projectiles:
However, such simple statistical treatment can lead to incorrect conclusions. Let us imagine for instance an idealized situation in which all existing projectiles have the same size, and each one is able to impart an energy impulse several times larger than the limit required for collisional release. We have then E = −N E, with N ≥ 1. Let 1/τ coll be the mean rate of collision. According to the integral above, the mean variation of the system energy per unit of time should be equal toĖ = −NE/τ coll . If we forgot that the delivery of energy to the system is, in this case, not simply consisting of small amounts with respect to the total energy of the system, we should conclude that the characteristic time for separation of the system should be τ sep = −E/Ė = τ coll /N . But this is clearly a paradox, because such kind of event cannot occur more frequently than the mean rate of the collisions causing it. In other words, the above computation is valid only when dealing with collisions with projectiles imparting small amounts of energy, below the collisional release threshold. In fact, following the same argument, if N 1 it turns out that τ sep τ coll , as one should expect. The same computation cannot be simply extended to the case of more energetic events. In these cases, one has to consider an upper limit for the amount of delivered energy, corresponding to the maximum value needed for collisional release, that is E = −E. This is due to the fact that, once the delivered energy reaches the collisional release limit, the system is definitively destroyed and it makes no sense to compute the effect of the delivery of additional energy. Doing so, the mean variation of the energy per unit of time turns out to beĖ = −E/τ coll , and the separation time is correctly τ sep = −E/Ė = τ coll . In conclusion we can estimate the effective mean rate of variation of the energy of the system in the following way:
The second integral can be rewritten as
A similar expression holds for the contributionĖ 2 to the variation of the system energy due to collisions with body 2. The total variation of the system energy per unit of time is the sum of the two contributions:
where
GivenĖ, the characteristic time for the evaporation of the system is
or in other words,
Summarizing, the 'evaporation time' τ eva is the time required for non-destructive collisions to provide the necessary amount of energy to dynamically destroy the system. The evaporation time is then the combination of the 'collisional release time' defined as the characteristic time for the occurrence of a single collision delivering a sufficient amount of energy to separate the system, and an 'inflation' time τ infl related to the cumulative and gradual effect of more frequent, gentle collisions below the collisional release threshold.
Binary lifetimes
Due to the occurrence of collisions, the existence of binary asteroids must in any case be considered as a transient phenomenon. In this respect, the 'dynamical evaporation' mechanism described above is certainly important, since it defines a limit for the possible lifetime of these systems. On the other hand, to estimate the expected lifetime of binary systems, the evaporation time τ eva must be compared with the expected value of τ destr , which gives the typical time span before one of the two companions is totally destroyed by a sufficiently energetic collision. The relevant parameter is then the lifetime ratio between the evaporation and destruction times s = τ eva τ destr .
In conclusion, we can identify two types of binary systems. If τ eva > τ destr , that is s > 1, the system lasts until one of its members is catastrophically destroyed by an impact. We call these systems 'smashed systems'. Conversely, if s < 1 the orbit of the system is progressively destabilized by gentle collisions, and evaporation is expected to occur before the catastrophic disruption of one of the two members. We call these systems 'evaporating systems'. The collisional lifetime of a binary system is determined therefore by three characteristic times: τ 1,destr , τ 2,destr and τ eva . The first two values represent the expected collisional lifetime of the two components, taken as individual impact objects, and can be merged in a unique τ destr time-scale. The expected survival time τ end of the system is the shorter between τ destr and τ eva , or in a more statistical term,
The main goal of this work is to evaluate the parameter s, and the related correction factor s/(1 + s). If s 1 then τ end ∼ τ destr and it can be expected that the system will end due to disintegration of one of its components. On the opposite, if s 1 then τ end τ destr ; the most probable scenario is system evaporation.
N U M E R I C A L S I M U L AT I O N S
Input parameters
The computation of the quantities τ destr , τ eva and τ end requires the knowledge of some parameters. While the value of the average impact velocity U and the value for the density ρ can be more or less well constrained, the value of the mean orbital velocity v m and the ratio δ can in principle be evaluated from observations (sizes of the members, orbital dimension, etc.). To get reliable information about the size distribution of the asteroid (projectile) population and the impact strength determining the critical diameter of fragmentation is much more problematic.
For what concerns the role of the projectile size distribution in the asteroid Main Belt, the usual problem is the poorly known inventory of existing objects at small sizes, below 1 km. This problem has been the subject of many observational and theoretical investigations, which have sometimes reached fairly different conclusions. Here we do not want to face this complex problem, and we limit ourselves to a discussion of the different results which are found by adopting quite different choices for the size distribution. As in Dell'Oro & Cellino (2007), we use here as reference the size distribution that for asteroids is larger than 5 km as given by the model of Tedesco, Cellino & Zappalà (2005) , while below this threshold we assume a simple power-law extrapolation, assuming also a low-size cut-off limit in order to make the total mass of the Main Belt finite and realistic (see Dell'Oro & Cellino 2007 for details). We will call α the exponent (slope) of the assumed differential distribution below 5 km in size. More precisely, the number dN of bodies in the interval of size between D and D + dD is assumed to be proportional to D −α for D < 5 km. We explore a range of possible values for α, from 2.3 up to 4.4. The lowest value 2.3 corresponds to the results of the SDSS survey analysed by Ivezić et al. (2001) , while α = 4.4 corresponds to the slope of the Tedesco et al. (2005) distribution at 1 km. A slope α = 3.5 is the classical result of Dohnanyi (1969) , which applies to a collisionally relaxed population.
The other problematic parameter is the critical diameter required for a projectile to produce a catastrophic disruption of an object of a given size. Here, we will assume for the sake of simplicity that all bodies have the same density and the whole population is governed by a unique fragmentation law. We will also assume for Q * the value suggested by Benz & Asphaug (1999) , independently confirmed also by Bottke et al. (2005) . The analytic expression of Q * in terms of the target size proposed by Benz & Asphaug (1999) contains some parameters depending on the target material and impact conditions. We use here the particular values of the parameters suitable for basaltic bodies assuming an impact velocity of 5 km s −1 (see Dell'Oro & Cellino 2007 for details). For what concerns the mean value of the density, we adopt the value ρ = 2.5 g cm −3 . We also note that we have checked that the final results about the collisional stability of binary asteroids seem to depend only weakly upon the assumed values of U and ρ, while the dependence upon Q turns out to be more important.
Results
We have defined above the parameter s = τ eva /τ destr , which determines the most likely fate of a binary system exposed to a collisional regime. In this section, we investigate the dependence of s upon the parameters D 1 , δ and γ describing the properties of the binary system. We recall that D 1 is the diameter of the primary member, γ is the ratio a/R 1 between the semimajor axis a of the orbit of the secondary component around the primary and the radius R 1 of the primary and δ is the ratio between the size of the secondary and the size of the primary component.
In Fig. 1 we show four diagrams displaying the resulting plot of s as a function of D 1 for three different values of the size ratio δ. In this case, the value of γ is assumed to be equal to 1. Each diagram corresponds to a different choice for the value of the exponent α of the assumed power-law distribution of possible impactors. The computation is done assuming for Q * a value proposed by Benz & Asphaug (1999) . In Fig. 2 we show exactly the same diagrams of Fig. 1 , but here we assume a value of γ equal to 100. Lifetime ratio s between evaporation and smashing times for γ = 100 versus the diameter of the primary D 1 . The adopted value of specific impact energy Q * is the one of Benz & Asphaug (1999) . Each diagram refers to a different value of the exponent α of the asteroid size distribution. In each diagram, the function is plotted for three different values of the size ratio δ (1, 0.1 and 0.01).
Two main features are evident from these plots. First, as can be easily understood, the larger the value of the δ size ratio differs from unity, the stronger is the dependence of the corresponding curve upon the size distribution of the projectiles, described by α. By looking at the resulting curves for δ = 1, we see that s for γ = 1 is nearly always less than 2, while it is well below 1 for γ = 100. We conclude therefore that binary systems with equalsized components and γ about 10 or larger tend to be evaporating systems (since s decreases with γ ). Evaporation tends to be more likely for binaries having δ > 0.1 when the slope α of the size distribution of the projectiles does not exceed a value of about 3.5. Moreover, we find that in general, for all values of α, binaries with the primary component smaller than 1 km tend to be evaporating systems.
Secondly, for large values of the primary diameter (>10 km), binaries with small δ tend to be smashed systems (their evaporation time is longer than the destruction time). In contrast, for the small size of the primary component (below 1 km) smashed systems are more likely among those with δ close to 1. As a general rule, smashed binary systems are found to be more frequent in the range of D 1 between 10 and 100 km.
In order to give an alternative representation of the above results, we have done extensive Monte Carlo simulations. We simulated a large number of synthetic systems (1000) randomly assigning values of log (δ) between −2 and 0, and log (γ ) between 0 and 2. Values of log (D 1 ), with D 1 expressed in km, were randomly generated between −1 and 3. Although beyond the current observational capabilities, we have therefore extended our analysis to subkilometre sizes of the primaries, where collisional evaporation plays a more decisive role, in sight of future deeper surveys. For each system, the values of τ destr and τ end were correspondingly computed, and the ratio τ end /τ destr and the lifetime ratio s = τ eva /τ destr were then plotted versus D 1 , to create scatter plots in which each point represents a single binary system.
In particular, we plotted the ratio τ end /τ destr to emphasize the difference between the real lifetime (τ end ) of the system and the destruction lifetime τ destr which is computed by ignoring the effect of collisional evaporation. Conversely, we plotted the ratio τ eva /τ destr to emphasize the kind of binary and its final fate, to discriminate from smashed and evaporating systems. We recall that, based on its definition (see equation 1) τ end is always smaller than τ destr , and in particular it turns out that for s < 1, τ end < 0.5τ destr .
Finally, in each simulation, we chose a different size distribution. The results of this exercise are shown in Fig. 3 , in which the output of our numerical simulations, represented by small dots, is displayed together with the same parameters as computed for real binary asteroids, represented by big dots in the plots. The real binary systems included in the figures are those listed in the data base of Johnston, Richardson & Walsh (2010) . In Fig. 3 , the plots of τ end /τ destr and τ eva /τ destr versus D 1 are shown for our simulated sample of 1000 binary systems assuming the Q * law by Benz & Asphaug (1999) . We show the results for two extreme values of the exponent α of the asteroid size distribution. In general, assuming an impact strength according to Benz & Asphaug (1999) , about one half of the binary systems with diameter of the primary in the considered range are found to be smashed systems. This general result is found more or less regardless of the value of α. On the other hand, we find very few smashed systems for a low value of α, among binaries with large primary (larger than few tens of kilometres), whereas high values of α produce a large fraction of smashed systems among binaries with large primaries. In particular, for a slope α = 2.5, the most frequent smashed systems occur for primary components a few kilometres in size, whereas for a slope α = 4.0 the majority of smashed systems occur for D 1 around 100 km. In few words, the overall scenario in the case of a Q * law according to Benz & Asphaug (1999) is quite diversified, and the distribution of the binary system among the two classes is strongly dependent on the slope of the size distribution of the projectile population.
So far, we mostly focused on the relative importance of the evaporation and smashing processes. It is now time to analyse the final resulting lifetimes of binary systems considering both smashing and collisional evaporation. In Fig. 4 the effective lifetime τ end is plotted against D 1 for different exponents of the projectiles' size distribution, and different size ratios δ and orbital ratios γ of the binary components.
A bifurcation of the lines for δ = 1 can be noted in the plots. This effect is due to our model for the size distribution. We recall that we chose a size distribution which is given by Tedesco et al. (2005) for diameters larger than 5 km, while below this limit the distribution is extrapolated using a power law with varying slope. Let us consider the case for γ = 1. Since τ end = τ destr s/(1 + s) (equation 1) and s does not change much varying the slope of the size distribution when δ = 1 (Fig. 1) , it follows that τ end is more or less proportional to τ destr . For δ = 1 the difference between the collisional lifetimes of the two components disappears, or in other words, only one critical diameter for the impactor exists. According to the adopted Q * function from Benz & Asphaug (1999) , mean impact velocity and density, objects with a diameter of about 37 km would have an impact strength of about 5 × 10 8 erg cm −3 . The corresponding critical size of the impactor causing the catastrophic disruption turns out to be about 5 km. This means that impactors Small numbers in bold correspond to the value of the slope of the size distribution. The assumed impact strength is by Benz & Asphaug (1999) . able to destroy bodies with a diameter larger than 37 km are those larger than 5 km in size. The number of projectiles larger than 5 km is the same regardless of the slope; therefore, τ destr is the same too. This explains the existence of the bifurcation point at about D 1 = 37 km for δ = 1. If δ = 0.01 the value of τ destr is essentially the value of τ 2,destr (the collisional lifetime of the smaller component), and the destruction of such small objects is caused by projectiles well below 5 km. For this reason the bifurcation point is at larger sizes and not visible in the figure. A similar argument holds for the case γ = 100.
Finally, we list in Table 1 the effective lifetimes τ end (Myr) for the Main Belt binary asteroids included in the data base of Johnston et al. (2010) . For each of them we give results corresponding to four different values of the exponent of the power-law size distribution of the projectiles. For each system, the size of the primary, the size ratio δ and the orbital ratio γ are reported. If a binary system is found to be evaporating for a particular choice of the slope of the size distribution, the corresponding value of τ end is printed in bold, whereas it is written in italics in the case of a smashed system. Repeated binary systems correspond to multiple systems, each component being separately treated. It is worthwhile to note the cases of (90) Antiope, for which the value of τ end does not depend on the slope of the size distribution. The size ratio δ is close to 1 and the size of the primary is 87.8 km, a value that falls before the bifurcation point in Fig. 4. 
C O N C L U S I O N S
The main purpose of this work was to investigate in a systematic way the role of non-destructive collisions for the evolution of binary asteroid systems. We did not consider any possible dynamical or physical mechanism but collisions in determining the fate of binary systems. We already knew a priori that 'game is over' for asteroid binary systems whenever one of the two components suffers a collision sufficiently energetic to destroy it. And it is clear that in any case this must happen, sooner or later.
On the other hand, we were interested in studying the effect of a large number of more gentle collisions, which steadily transfer linear momentum to the components of a binary system, to check whether this effect is relevant for the effective lifetimes of the systems. A large part of our computations was aimed at determining the ratio between the expected lifetimes of the systems in terms of evaporation versus smashing.
We have found that the collisional evaporation phenomenon is very relevant. Consequently, we analysed different constraints resulting from the properties of the binary systems, as well as the role In general, we found that, depending on the circumstances, the collisional evaporation mechanism can decrease by more than one order of magnitude the expected lifetime of a system, with respect to the expected lifetime corresponding to the average collisional lifetimes of the two components. The effect depends strongly on the size of the primary. It is more pronounced for systems with size of primary of the order of few kilometres or less, regardless of the slope of the size distribution of the projectiles. For systems with larger primaries the effect is in general relevant if the size distribution is shallow (slope around 3 or less), while for slopes of the size distribution of about 3.5 or larger only binary systems with comparable components may be more affected by evaporation, whereas smaller sizes of the secondary component smashing is predominant. Of course, as mentioned above, our analysis was purposely limited to a study ignoring the effect of any other dynamical or physical mechanism of evolution. We are aware that a more complete study should also take into account other mechanisms, including gravitational perturbations, Yarkovsky, YORP, BYORP effects, etc. In particular, YORP and BYORP effects have been suggested to have a role in destroying (Fahnestock & Scheeres 2009 ), as well as stabilizing binary systems (Jacobson & Scheeres 2011) . Non-gravitational forces should be able to both re-accumulate and separate the members of binary systems, modifying the size of the binary orbit on time-scales of the order of a few million years or less (Fahnestock & Scheeres 2009 ). For a binary system located at 1 au from the Sun and having a primary 2 km in size, a companion of 0.4 km and an orbital size γ = 3, the orbital elements can be affected over time spans as short as ∼10 5 yr (Steinberg & Sari 2011) . In the Main Belt this rate should be slower due to the larger distance from the Sun. It is not straightforward to establish what this means in terms of the typical time required for a complete separation of the two members, if this event really occurs in this case. As a comparison with the collisional process of binary evaporation, assuming that the size distribution of the projectiles has a slope equal to 3.5, such case (D 1 = 2 km, δ = 0.2, γ = 3) is not evaporating being s = 1.5. The same system but with a larger orbit such that γ = 30 becomes evaporating (s = 0.5) with τ end ∼ 2 × 10 7 yr. If the diameter of the primary is D 1 = 20 km, the same system with γ = 30 is found to be evaporating again (s = 0.7). It is worth to note that this value does not refer to the typical time-scale of orbit modification due to non-destructive collisions, but rather to the total time required by the same collisions to separate the members. On the other hand, radiative forces, in addition to their dependence upon the thermal properties of the surfaces, the size of the members and the heliocentric distance, are also strongly sensible to the details of the object shape. Moreover, it is not yet clear whether the BYORP effect preferentially tends to shrink rather than expand the orbits of the binary systems (Steinberg & Sari 2011) , while tidal disruption and nonsynchronous rotation are mechanisms able to limit respectively the inward and outward orbital expansion (Ćuk & Burns 2005) .
A comprehensive analysis of the binary asteroid phenomenon as a whole should in principle necessarily include all the mechanisms of removal, including the ones considered in this paper, as well as different possible mechanisms of formation. This goal was clearly beyond the immediate goals of the present analysis, but we think that our results are an important step forward towards a better understanding of the problem, since we proved that the process of collisional evaporation, which has been so far substantially ignored or not taken into account, is important and must be considered.
Our work also opens some immediate perspectives for further investigations. For instance, the systematic differences in average impact speeds among populations of objects having different orbital inclinations could be important and should further be analysed to assess whether these differences might lead to predicting different lifetimes for binary systems belonging, for instance, to populations having different orbital inclinations. Another open question concerns the fact that it is widely believed that binary systems can be formed in family-forming events (Michel et al. 2001 ), but in fact binary systems seem to be rare among family members. This might be possibly due to the effect of enhanced collisional evaporation triggered by the early phases of intense, low-energy interfamily collisions . This seems to be an exciting possibility, and we are going to explore this possible effect in a forthcoming paper.
Finally, we should not forget that, of course, evaporating binary systems produce asteroid pairs, a very timely and interesting subject of research (Vokrouhlický & Nesvorný 2008; Pravec & Vokrouhlický 2009; Pravec et al. 2010 ). According to Pravec et al. (2010) , it is quite difficult to expect that binary systems having a size ratio of the order of 0.6 or higher can separate and produce asteroid pairs. These pairs, however, seem to exist in the real world. In Fig. 5 , we plot the size ratio of all asteroid pairs listed by Pravec & Vokrouhlický (2009) . In the plot, one can see a general trend of decreasing δ for increasing size D 1 of the primary component of the pairs. This can be generally explained as an observational bias, because it is more difficult to detect increasingly smaller objects, and this explains why there are no pairs having small D 1 and small δ. The minimum value of δ decreases for increasing D 1 , because these correspond to objects that are increasingly larger and easier to detect. On the other hand, it is easy to see that large values of δ do exist. In particular, looking at large sizes of the primary component, one finds a relatively large amount of pairs having components fairly similar in size, with values of δ even larger than 0.7, whereas there is an apparent lack of pairs having large primaries and small secondary components. The available data are certainly not yet sufficient to draw definitive conclusions, but it is tempting for us to note that the apparent behaviour is fairly well consistent with our estimates about the dominance of evaporation among large binary systems with components of comparable size, and among binaries having small primary components.
We also note that, if collisional evaporation plays a role in the formation of asteroid pairs, the number of expected pairs is heavily affected by the collisional environment in which binary asteroids form, in particular if binary systems are abundantly produced by collisions responsible for the creation of asteroid families. The final number of pairs produced by evaporation of family binary systems should be dependent on the family age. Moreover, pair production in the Main Belt should be different among high-inclination objects (for which the mean impact velocity is higher) with respect to that among low-inclination (low impact velocity) objects. The observed ratio between the populations of pairs in the two regions should depend on the dependence of τ end on the mean impact velocity, as well as on the corresponding rates of binary system formation. These are interesting topics, which we plan to investigate soon in a separate paper.
